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ABSTRACT 


The  instantaneousi  frequency  of  WVi'V,  20  Me  (Washington,  IJ.  C.  ),  and 
that  of  a  highly  stable  signal  at  17.8  Me  radiated  fron  Mayaguei,  Puerto 
Rico,  were  sinultaneously  and  continuously  recorded  between  October  1960 
and  Septeaiber  1961  at  Palo  Alto,  California,  and  at  Seattle,  Washington. 
Traveling  ionospheric  disturbances  (TIU’s)  have  been  identified  on  these 
recordings  by  noting  the  occurrence  of  similar  frequency  fluctuations 
appearing  with  appropriate  time  delays,  and  in  the  appropriate  order,  on 
each  of  the  four  available  paths.  The  geometry  of  these  paths  is  such 
that  disturbances  traveling  from  north  to  south,  or  vice-versa,  are  most 
easily  detected. 

It  is  found  that  the  disturbances  give  rise  to  either  quasi -sinusoi dal , 
or  V-sliaped  fluctuations  in  the  recordings  of  frequency  vs.  time.  If  a 
given  disturbance  is  assumed  to  travel  along  a  great  circle  at  a  constant 
speed,  this  speed  can  be  estimated  from  the  time  interval  between  inter¬ 
ception  of  the  northernmost  transmission  pnth  and  the  southernmost  one 
(a  minimum  distance  of  about  1200  km).  From  the  duration  of  the  resulting 
fluctuation  on  a  given  path  and  the  estimated  speed  of  the  disturbance, 
its  effective  spatial  length  can  be  inferred. 

Because  of  the  wide  separation  of  the  long-distance  transmission  paths, 
the  experimental  setup  is  sensitive  only  to  large-scale  TID's  moving  at 
high  speed.  Such  disturbances  would  probably  not  be  detectable  on  re¬ 
cordings  made  with  the  comparatively  close  receiver  spacing  used  by  many 
researchers  in  the  po.st.  From  1600  hours  of  data  (usually  from  1600  UT 
to  0200  UT)  between  October  I960  and  April  1961,  nine  Till’s  have  been 
positively  recognized  on  the  frequency  recordings  It  was  possible  to 
deduce  speeds  and  lengths  (on  the  above  assumptions)  in  six  instances. 
Velocities  range  from  1450  km/hr,  and  spatial  lengths  from  1300  km  to 
greater  than  2000  km.  The  direction  of  travel  cannot  be  determined  ac¬ 
curately,  but,  in  each  case,  the  general  direction  is  from  north  to  south. 
The  results  suggest  that  certain  of  the  TIU’s  change  their  velocity  and/or 
direction  of  travel  during  the  passage  through  the  four  transmission  paths. 
In  four  cases,  sudden  frequency  changes,  correlated  with  sudden  changes 
in  the  earth’s  magnetic  field  recorded  at  Stanford  University,  preceded 
the  occurrence  of  large-scale  TIU’s.  It  is  suggested  that  these  traveling 
disturbances  may  have  been  launched  by  the  same  event  giving  rise  to  the 
sudden  change  in  the  earth’s  magnetic  field. 
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I.  iNTimncTia\ 


lloriionlal  travel  ing  ilisturbances  in  ihe  ionosphere  have  been  stuiiieii 
extensively  by  Munro  (Hefs.  14]  anil  many  other  workers  [Refs.  5*13], 
eaploying  closely  spaced  networks.  Traveling  ionospheric  disturbances 
(TII''s)  were  observed  by  a  variety  of  techniques,  including  group-path* 
vs. -tine  records  [llefs.  1-9),  and  signal  •  intensi  ty- vs  .- tine  records 
[Hefs.  10-13]  of  received  signals  transnitted  at  fixed  frequencies  from 
two  or  nore  stations,  separated  by  a  few  tens  of  kiloneters  to  not  nore 
than  500  kn.  Traveling  ionospheric  disturbances  at  heights  above  the  F9 
naxinun  (400  kn)  have  been  studied  by  the  radio-star- scinti I lation  tech¬ 
nique  (llefs  14-16] 

Traveling  ionospheric  disturbances  can  also  be  detected  by  studying 
the  variation  with  azinnth  of  the  nininun  range  of  ground  backscatter 
seen  on  a  rotating-aiitenna  fi  xed- frequency  backscatter  sounder.  [Refs. 
17,18).  This  technique,  developed  by  VulverJe  [lief.  17),  at  Stanford 
University,  has  the  advantage  that  the  directions  and  the  velocities  of 
disturbances  can  be  detemined  at  one  station.  This  technique  is  partic¬ 
ularly  useful  for  detecting  large,  wide-spread  disturbances.  Rut  it  re¬ 
quires  continuous,  pulsed,  sounding  transmissions. 

In  this  report,  TlD’s  in  the  F2  layer  in  a  non-auroral  region  are 
investigated  by  observing  their  effect  on  the  instantaneous  received  fre¬ 
quency  of  four  stable  h- f  transmissions.  The  four  transmissions  are  con¬ 
sidered  to  be  stable  since  the  frequency  fluctuotions  imposed  by  the 
ionosphere  are  much  larger  than  the  inherent  frequency  fluctuations  of  the 
transmitting  and  receiving  systems. 

The  four  geographically  separated  transmission  paths  extend  over  dis¬ 
tances  from  3750  to  6000  km  in  the  east-to-west  direction.  The  norther- 
most  and  the  southermost  paths  arc  separated  by  more  than  1200  km.  Because 
of  the  comparatively  wide  spacing  of  this  network,  only  large-scale  and 
high-speed  TIU's,  whose  morphology  docs  not  change  appreciably  in  the 
time  interval  between  path  crossings,  are  detected.  Traveling  ionospheric 
disturbances  distinguishable  by  this  technique  prove  to  be  very  rare,  and 
their  indicated  velocities  have  been  very  high.  Observed  velocities 
ranged  from  1450  to  2700  km/hr  as  compared  with  the  velocities  observed 
by  other  researchers,  as  listed  below. 
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Ueseareber 

Velocity 

llange 

|li«i/hr) 

_ _ _  liewa  rk  s 

Vnnro  (lief.  4] 

420  • 

500 

iDoniblv  average 

Price  (lief  S) 

120  . 

1200 

aiasiwiMW  no  at  600  kn/lir 

loman  (lief.  6) 

250  . 

600 

iniaxiin.uni  nu  at  350  kn^br 

lieynon  (lief.  7) 

420 

lianacbandra  liao  (lief.  |2) 

540 

1200 

llaxwell  and  bill  le  (lief.  11) 

430 

average 

llewisli  (lief.  IS) 

360  • 

1100 

at  about  400-kini  height 

Vaxwell  and 

160  . 

1100 

in  non*auroral  regions 

Dagg  (lief  16) 

720 

1800 

in  auroral  region  about  400  k» 

Val  Verde  (lief  li) 

700  . 

2000 

Iveieii  (lief  18) 

200  - 

1100 

for  small-scale  disturbances 

up  to 

4500 

for  large-scale  disturbances 

With  viable  iranvni  vvionv  already  available  froati  vtandard  >  Treiiuency 
broadcavi i ng  viaiionv  in  the  U.  S  A.,  Canada,  and  oiber  ftariv  of  the 
■orld.  a  neiwork  covering  a  large  |toriion  of  the  world  could  be  eviablisbed 
cofflparaii vely  econonical ly  by  evinblivbing  vuitable  receivers  ai  the  ap- 
propriaie  I  oca  lions 

The  c(|iiiptncnis  of  ibis  cxperineni  arc  briefly  described  in  .Section  II. 
and  the  results  arc  presented  in  Section  III,  followed  by  discussion  and 
conclusions  in  Sections  IV  and  V.  A  possible  association  between  the 
occurrence  of  the  large  scale  traveling  disturbances  and  the  sudden  cotn- 
mencemenis  of  geonngneti  c  storms  is  discussed  in  .Section  IV  but.  nn 
fortunately,  the  limited  information  obtained  in  this  experiment  allows 
only  a  preliminary  concinsion  to  be  made. 
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II.  EXPKniMESiTAI.  ARRAXCrnKyrs 


From  October  I960  to  Septenber  1961.  KtabI e* freiiuency  tran^Mi^slons 
of  17.8825  Me  fron  Puerto  liico  (referred  to  as  PH- 17)  and  20  Me  frow  »1V, 
Wasliington.  1).  C  (referred  to  as  II1IV>20)  have  been  simultaneously  and 
continuously  recorded  at  Stanford  University  (referred  to  as  SU),  near 
Palo  Alto,  California,  and  at  the  University  of  ttasbin|;ton  (referred  to 
as  U1I),  Seattle,  Washington.  The  four  transmission  paths  are  shown  in 
fig  I.  The  numbers  I,  2.  and  3  are  points  of  reflection  in  the  ionosphere 
for  the  I -hop,  2-hop,  and  3-hop  modes  of  propagation  The  WWV-20-to-Ui 
and  WWV-20-to-SU  paths,  approximately  3750  km  and  3950  km  in  ground  dis¬ 
tance,  respectively,  will  support  l-hop,  2-bop,  and  3-hop  modes  of  propa¬ 
gation,  whereas  PH-l7-to-UW  and  PH-17-lo-SU  paths,  approximately  6000  km 
and  5750  km  in  ground  distance,  will  support  primarily  2-hop  and  3-hop 
modes  of  propagation. 

The  PH-17  .signal  is  transmitted  on  a  three-clement  beam  Yagi  antenna 
with  about  600-w  average  power.  A  Hhodc  and  Sebwart  XUI)  frequency  synthe¬ 
sizer  is  used  to  generate  the  frequency  at  17.8825  Me  with  stability  better 
than  a  few  parts  in  10^  per  day  The  WWV-20  signal  is  transmitted  on  a 
nondi rcctiona I  antenna  with  about  IO-kw  average  power.  Its  stability  is 
better  than  one  part  in  |0*®  per  day.  At  the  radio  frequencies  used, 
frequency  fluctuations  cosed  by  the  ionosphere  arc  large  compared  with  the 
inherent  frequency  fluctuotions  of  the  sources 

Ports  of  the  receiving  system  hove  been  previously  reported  by  Fenwick 
ond  Vi  I  lard  (lief.  !9].  However,  in  the  present  setup,  n  Hbode  and  Schwarz 
,\U0  frequency  synthesizer  is  used,  along  with  the  Hhode  and  Schwarz  ,\SA 
frequency  stondnrd  to  beat  with  the  incoming  signals  The  frequency  bent 
note  (usually  in  the  0-  to  lO-cps  rongc).  is  fed  into  n  frequency  meter 
that  produces  a  rectangular  pulse  ot  each  input-signal  zero-crossing  The 
frequency  meter  output  is  then  recorded  on  a  Sanborn  paper- tape  recorder. 

A  coded  time-marking  signal  is  introduced  into  the  system  at  the  beginning 
of  eoch  hour  to  facilitate  the  identification  of  the  time.  This  counter- 
type  system  responds  to  the  instantaneous  frequency  of  that  mode  of  propa¬ 
gation  which  is  strongest  ot  any  given  instant.  The  over-ail  accuracy  of 
the  system  is  about  0.2  cps. 

In  addition  to  the  counter-type  recordings  described  above,  the 
0  -  10-cps  signal  itself  is  also  direct-recorded  on  a  modified  Webcor 
magnetic-tape  recorder  whose  speed  is  approximately  1/50  in. /sec  [Ref.  20]. 
The  magnetic  tape  is  played  back  at  a  much  higher  speed,  usually  at 
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GREAT>CIIIC1.E  PAIRS  OF  tW.aO  A?ID  PR- 17  TO  SU  AMD  Ot. 


IS  in. /sec,  into  a  Ksy  Electric  Company  Sonalyxer  to  obtain  a  freiiuency 
ampli  tuiie-tine  record,  which  is  known  as  a  "Sonaf;ram",  with  frequency 
along  the  vertical  axis,  tine  along  the  borixontal  axis,  and  amplitude 
shown  by  the  darkness  of  the  pattern.  The  Sonalyxer  accepts  a  frequency 
band  extending  from  8S  to  8000  cps  In  this  instrunent,  the  bandwidth  of 
the  tuned  circuit,  which  scans  through  the  frequency  range,  is  4S  cps,  and 
an  individual  Sonagran  represents  an  input  tine  interval  of  2.4  sec.  As 
a  consequence  of  speeding  up  the  magnetic  tape  approximately  800  tines, 
the  effective  bandwidth  of  the  selective  circuit  is  about  1/16  cps,  and 
the  tine  is  also  effectively  conpressed  by  a  similar  amount.  As  a  result, 
a  single- frequency  signal  component  must  last  for  at  least  15  to  20  sec 
in  real  time  to  register  a  readable  pattern  on  the  final  record.  The 
"Sonagran",  in  contrast  with  the  counter-type  record,  permits  study  of  the 
behavior  of  different  propagating  modes  with  different  frequencies  if 
Bore  than  one  such  node  is  present  at  a  given  line  The  accuracy  of  this 
sysien  is  also  about  0.2  cps 

Any  frequency  fluctuation  greater  than  02  cps  can  he  regarded  as  due 
to  variations  of  or  disturbances  in  the  ionosphere  The  simultaneous  re¬ 
cordings  of  signals  transmitted  along  four  separate  paths  make  it  pos¬ 
sible  to  distinguish  widespread  ionospheric  disturbances,  such  as  those 
due  to  solar  flares,  world-wide  magnetic  storms  [lief.  2l),  etc  ,  from 
TIIVs.  The  following  sections  report  the  rarely  observed  evidences  of 
large-scale  HD's  studied  by  means  of  this  technique. 
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The  four  lrun»oi««ion  paths  shoan  in  Fig.  I  hare  hern  in  use  hetween 
Oeioher  I960  anJ  Sepiemher  1961  euccpi  for  periods  of  etiuipmeni  failure 
or  poor  propagating  ronilitions  in  the  ionosphere.  t«nder  normial  conditions 
in  winter,  IIV  20  and  l*|l  |7  usuallti'  come  in  in  the  inorning  around  1400  Ul, 
and  fade  out  in  the  evening  around  0200  UT,  with  slight  time  variations 
for  different  paths.  A  study  has  been  made  of  about  1600  hours  of  re* 
rordings  obtained  between  October  i960  and  April  1961  during  which  time 
at  least  three  of  the  four  paths  mere  usable.  Traveling  ionospheric  dis* 
turhances  (Tll)'s)  have  been  identified  on  these  recordings  by  noting  the 
occurrence  of  similar  frequency  fluctuations  appearing  with  appropriate 
time  delays,  and  in  the  appropriate  order,  on  each  of  the  four  available 
paths  Only  nine  TIIKs  have  been  positively  recognised  by  means  of  these 
particular  multi-station,  stable  frequency  transmissions  during  this 
period  Tl'ese  nine  are  described  in  chronological  order  and  are  numbered 
accordingly  in  Table  I,  and  two  (Nos  I  and  5)  are  discussed  in  more 
detail  in  Sections  III  A  and  I)  respectively. 

A  IHAVU.bV;  lOmSIMIIdUC:  IUSTUHIIANCK  of  12  ,\XI)  13  i:F:CF3mi3l  i960 

Figure  2  presents  counter*type  records  of  the  i nstantaneous  frequency 
variation  of  signals  propagated  along  ihe  four  transmission  paths  on  12 
and  13  llecembcr  I960.  Ihese  signals  are  HlV-20  received  at  l«.  l’H-17  also 
received  at  bH,  HHV-20  received  at  SU,  and  I»H-I7  received  at  .SU,  all  dis¬ 
played  on  tl*e  Same  tine  scale.  The  ftHV  20  signals  have  a  cut-off  period 
from  approximately  .|5  to  49  min  after  each  hour.  Calibration  marks  intro¬ 
duced  at  the  receiving  stations  at  IS-oin  intervals  appear  on  three  of  the 
four  recordings,  and  lioiirly  time  marks  arc  also  placed  on  the  recording 
of  the  I’ll- 17- to-. SU  signal. 

An  ionospheric  disturbance  can  he  rccognir.cd  on  the  ttUV  20  to-U6 
signal  by  the  V-shaped  inflection  in  the  frequency  recordings  from  2330 
to  0015  UT.  The  relative  frequency  of  WK'V- 20  at  UW  decreases  at  the  rate 
of  ohoiit  3-1/2  cps  in  a  half  hour  to  a  minimum  near  2354  UT.  It  then 
increases  back  to  the  normal  propagating  frequency  at  a  higher  rate.  A 
similar  V-shaped  inflection  can  be  recognized  on  the  records  of  the  other 
three  signals  except  that  the  fluctuations  occur  at  different  times  on 
each  path.  On  the  Pll-17-to-UW  signal  the  frequency  minimum  occurs  near 
0000  UT;  on  the  WWV-20-to-SU  signal  this  minimum  occurs  near  0004  UT;  and 
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on  tho  111  17  tO'iiU  ^i^nal  ilto  nininuni  occura  alii  I  latnr,  ai  0040  UT 
Ihiis  ^orioji  a  Til)  moving  a|»proximalel y  from  nortli  to  )>outlt  anil 

intrrrrpting  tlio  four  paths  surcossi vel y. 

Figaro  3  shows  froiiuoncy  ampi  iiuile^timo  displays  of  tho  same  traveling 
disturhanre  for  uo  of  the  four  paths,  i.e. ,  I’ll- 17  to  both  the  U1  and  StJ 
There  are  no  magnetie-iape  recordings  for  the  olber  iwo  paths  during  this 
period  The  time  scale  of  the  two  frequency-speclra  in  Fig  3  is  dis¬ 
placed  by  about  37  min  to  evbibit  the  similarities  of  the  V-shaped  inflec¬ 
tion  caused  by  the  TII5  The  details  of  the  frequency  fluctuation  are  not 
identical,  because  in  37  min  the  disturbance  has  traveled  several  hundred 
kilometers  over  which  distance  its  shape  may  have  changed  However,  the 
general  characteristics  of  this  traveling  disturbance  can  still  be  iden- 
tifi  ed  by  the  characteristic  drop  in  frequency  followed  by  a  rise  at  a 
faster  rate 

The  lime  interval  between  the  passage  of  the  Til)  through  the  not  hern- 
most  path  (MV  20-to-lI*)  and  through  the  southernmost  path  (I’H-n-to-SU) 

IS  about  45  mm  The  minimum  distance  between  these  two  paths  is  about 
1200  km.  Iherefore.  the  velocity  of  the  traveling  disturbance,  assuming 
that  the  velocity  is  constant,  is  equal  to  or  greater  than  1600  kn/hr. 

Vi  rtiinl -height  variations  measured  at  Houlder,  Colorado,  White  Sands, 
New  Hesico;  Washington.  I).  C  ;  and  I’uerto  Hico  during  the  period  when  the 
Til)  occurred  are  plotted  in  Fig.  4  Ihc  curves  are  obtained  from  the 
ordinary  rays  of  the  lonograms  recorded  at  the  respective  stations  once 
‘’very  13  min  The  vi  rtiiiil -height  vnrintion.s  at  Houlder  show  a  distinctive 
ripple  near  0013  U7  and  those  at  White  Sands  a  ripple  near  0045  U1.  The 
raavimiiia  positive  slope  of  the  ripple  near  0000  U1  measured  at  Houlder 
iFig.  4)  correlates  with  the  frequency  minimum  ot  0004  U7  on  the  WWV-20- 
to-.SU  path  iFig  2),  and  the  maximum  positive  slope  of  the  ripple  near 
0040  UT  at  White  .Sands  (Fig  4)  correlates  with  the  frequency  minimum  at 
0040  UT  of  l’H-1 7- to-.su  Although  the  vi  rtiial -height  variations  are  ob¬ 
tained  from  ionograms  taken  at  15*mii<  intervals,  and  even  though  Houlder 
and  White  Sands  are  not  located  exactly  on  the  transmission  paths  (refer 
to  Fig.  1),  lime  correlation  between  the  maximum  positive  slopes  of  rip¬ 
ples  and  frequency  minima  is  very  good. 

It  is  also  noticed,  in  Fig.  4,  that  no  clearly  similar  ‘’ripples'  are 
seen  during  the  period  on  vi riual - height- va ri alion  plots  at  Washington, 

D.  C.  ,  or  at  Puerto  lUco,  suggesting  that  this  particular  TIC  did  not 
affect  the  east  coast  of  the  United  Stales. 
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Three- frequency  h- f  hackncalter  soundingK  at  Stanford  University, 
similar  to  those  used  by  Valverde  lHef.  17],  have  been  examined  for  TIO's 
during  the  period  from  2300  Ul,  12  December,  to  0100  Ul,  13  December  I960. 
None  could  be  discerned.  However,  the  maximum  range  at  which  disturbances 
can  be  seen  by  these  sounders  is  about  ISOO  km.  The  evidence  suggests 
that  the  wavefront  of  this  disturbance  was  not  large  enough  to  cover  the 
east  and  west  coasts  of  the  United  States.  Thus,  this  particular  dis- 
turbance  must  have  traveled  through  the  central  part  of  the  United  States 
from  north  to  south.  From  the  lloulder  and  Ihitc  Sands  data  in  Fig.  4  and 
the  frequency  recording  in  Fig.  2,  the  Til)  appears  to  be  a  disturbance  of 
electron  density  in  the  F*region  of  the  ionosphere  with  a  period  of  about 
SO  min.  lith  its  velocity  determined  to  he  greater  than  1600  km/hr,  the 
disturbance  must  have  had  a  spatial  length  greater  than  1300  km. 

II  TIUVF3.INC  lONOSPIlHUC  Ul SlUWIANCI;  OF  17  FKIIHUABY  1961 

Two  HD's  were  detected  on  17  February  I96l.  One  is  shown  in  Fig.  5. 
Frequency  fluctuations  on  the  four  paths  are  displayed  in  the  same  order 
as  those  in  Fig.  2 

The  received  frequencies  increase  suddenly  and  simultaneously  on  all 
four  paths  at  2028  UT.  This  increase  is  not  caused  by  a  Til),  since  the 
paths  are  separated  hy  several  hundred  kilometers.  Sudden  frequency 
changes  of  this  sort  have  been  correlated  with  the  occurrence  of  solar 
flares  or  sudden  changes  of  the  earth's  magnetic  field  [lief.  2l].  This 
frequency  increast  at  2028  U7  correlates  with  the  sudden  commencement  of 
a  magnetic  storm.  A  small  (|7-gamaa)  but  sudden  decrease  of  the  earth's 
magnetic  field  was  recorded  at  that  time  at  Stanford  University. 

Since  the  counter-type  recording  system  responds  only  to  the  strongest 
mode  of  propagotion  at  any  given  time,  when  several  modes  of  approximately 
equal  strength  are  propugoting  at  the  same  time,  the  recorded  frequency 
will  be  that  of  whichever  mode  happens  to  be  strongest.  Thus,  the  fre¬ 
quency  may  jump  at  random  from  one  value  to  another,  depending  on  the 
relative  strengths  of  the  modes.  On  the  HWV- 20- to  SU  path  in  Fig.  5,  two 
modes  of  approximately  equal  strength,  and  with  frequencies  differing  by 
about  1/2  cps,  have  been  propagating  prior  to  2045  UT.  However,  after 
2049  UT,  an  ionospheric  disturbance  caused  the  frequency  of  one  mode  to 
vary  quasi  -  si nusoi dal ly  with  a  minimum  near  2100  UT  and  a  maximum  near 
2110  UT,  while  the  frequency  of  the  other  mode  remained  almost  unaffected 
throughout  the  period.  The  frequencies  of  the  two  modes  coincided  at 
2105  UT. 
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Similar,  though  lesa  diiEti ncli ve,  realiir««  are  also  noticed  on  the 
frequency  recordings  of  the  other  three  paths.  On  the  frequency  re. 
cordings  of  PH  I7  at  111,  the  frequency  of  one  mode  is  almost  constant, 
while  the  frequency  of  the  disturbed  mode  is  lower  than  that  of  the  un* 
disturbed  mode  before  2115  UT  and  higher  afterward.  The  frequencies  of 
the  two  modes  coincide  at  2115  UT.  On  the  «IV.20.to.Stl  path,  the  sinu. 
soidal  frequency  variation  from  2100  to  2145  UT  indicates  the  presence  of 
the  disturbed  mode  As  contrasted  to  the  other  three  paths,  the  frequency 
recordings  of  IIV.M  at  SU  appear  to  lack  a  mode  of  propagation  whose 
frequency  is  constant  throughout  that  period.  This  absence  of  multiple 
modes  can  be  interpreted  as  meaning  that  only  one  mode,  the  undisturbed 
one,  is  propagating  during  that  period,  or,  if  more  than  one  mode  is 
propagating,  that  the  disturbed  mode  is  much  strontj.*"  than  any  undisturbed 
component.  On  the  PlI'lT.to.iiU  path,  the  frequency  of  the  disturbed  mode 
is  lower  than  that  of  the  undisturbed  mode  before  2135  UT  and  higher 
afterwards.  The  frequencies  of  the  two  nodes  coincide  at  2135  UT. 

Using  the  time  when  the  frequencies  of  the  different  modes  coincide 
as  a  reference,  the  ionospheric  disturbance  i ntercepts the  I1V-20-- lo-SU 
path  at  2105  UT,  the  l»H  l7-to  U«  path  at  2115  UT,  the  WV-20-to.SU  path 
around  2119  UT,  and  the  PH-IT-to-SU  path  at  2135  UT.  This  sequence  shows 
that  an  ionospheric  disturbance  is  traveling  in  the  central  part  of  the 
United  States  generally  from  north  to  south.  It  covers  in  30  min  a  dis- 
tance  greater  than  1200  km,  and  its  period  of  disturbance  is  about  45  nin 
on  any  path.  Therefore,  the  TID  has  a  speed  greater  than  2400  ko/hr  and 
a  spatial  length  over  1800  kn. 

C.  niSCUSSION  OK  TUAVKLING  IOi\O.SPIOIC  DISlUllB/XiVCKS 

Traveling  ionospheric  di  stiirbance  No.  I  (figs.  2  ond  3),  described 
previously,  caused  n  V-shnped  inflection  to  appear  on  frequency  record¬ 
ings.  Disturbance  No  7,  which  wos  detected  by  the  sudden  frequency  de¬ 
crease  followed  by  a  slow  frequency  increase,  also  appears  to  hove  caused 
a  V-shaped  fluctuation  or  unequal  slopes  on  the  frequency  recordings. 

The  time  when  the  frequency  is  minimum  is  used  as  the  reference  time  for 
the  TID  to  cross  a  stabl e-frcqucncy  transmission  poth.  All  other  TID's-- 
i.e..  Nos.  2,  3,  4,  5,  6,  8,  and  9--produced  quasi-sinusoidal  frequency 
variations.  Multiple  modes  appear  in  Nos.  2,  4,  5,  6,  8,  ond  9,  with 
the  frequency  of  one  mode  remaining  almost  constant  throughout  the  period 
under  study,  while  the  frequency  of  the  disturbed  mode  varies  quasi- 
sinusoidally.  The  time  when  the  frequencies  of  the  disturbed  and  the 
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uniii » lu rkoil  Mo«i<»s  roinciile  is  us«tl  ««  ike  reference  lime  for  ihe  111)  lo 
cross  a  transmission  path. 

Sudden  frequency  changes  lhai  occurred  simul laneously  on  all  four 
paths  preceding  traveling  ionospheric  dislurhances  are  found  in  four 
cases.  (Nos  2.  4.  S,  and  8).  In  three  cases,  (Nos  2,  5,  and  8).  the 
sudden  frequency  changes  corresponded  to  sudden  commencements  of  geemag> 
netic  storms,  and  in  the  other  ease  (No.  4)  the  frequency  change  corres* 
ponded  to  sudden  impulses  found  in  Stanford  magnetograms.  i)i slurhance 
No  5  IS  illustrated  in  Fig.  5  and  has  been  described  in  Section  111  (). 
Ihe  frequency  recording  of  HD’s  Nos.  4  and  8  are  shown  in  Figs.  $  and  7 
respectively  Note  the  simultaneous  frequency  fluctuations  at  1733  (fl 
17  February  (Fig  4)  and  at  1452  U1  13  April  (Fig.  8),  which  preceded  the 
HD's  The  TlD's  have  the  usual  characteristic  that  the  frequency  of  the 
disturbed  mode  varies  quasi  -  sinusoidal  * v.  The  reference  time  and  other 
details  of  the  disturbances  are  describee  in  Table  I. 

The  speed  at  which  a  disturbance  travels  is  calculated  from  the  time 
lapse  between  the  crossing  of  the  northernmost  path  (i.e. ,  iBV-20* to-UM) 
and  that  of  the  southernmost  path  (i.e.,  l‘IM7-to-SU).  From  this  it  can 
be  assumed  that  the  disturbance  must  travel  a  minimum  distance  of  about 
1200  hffi  between  these  two  paths.  The  period  of  a  disturbance  is  taken  to 
be  an  average  of  the  duration  of  the  disturbances  observed  on  the  fre¬ 
quency  recordings  corresponding  to  the  different  transmission  paths.  The 
spatial  length  of  the  disturbance  is  then  taken  to  be  the  product  of  the 
estimated  speed  and  average  period  of  the  HI). 

The  layout  of  the  four  transmission  paths  is  such  that  ionospheric 
disturbances  traveling  in  the  central  part  of  the  United  States  are  most 
easily  detened.  as  substantiated  by  the  experimental  results.  Six  HD's 
(Nos  1,  2,  4,  5,  8,  and  9)  affect  the  four  paths  successively  and  two 
(Nos.  6  and  7)  cause  disturbances  on  only  three  paths.  During  HU  No.  2, 
only  two  paths  (W»V-20-to-SUand  m-20-to-UW)  ore  disturbed,  suggesting 
that  No.  2  might  hove  traveled  from  north  to  south  along  the  east  coast 
of  the  United  States,  and  that  the  disturbance  was  damped  before  it 
reached  the  two  transmission  paths  from  Puerto  Dico. 

Figure  8  is  a  gnomonic  projection  of  the  United  States  on  which  the 
great-circle  path  between  any  two  points  is  represented  by  a  straight 
line  joining  the  two  points.  If  the  ionospheric  distance  is  assumed 
to  travel  with  constant  speed  along  a  great-circle  path,  then  the  path 
of  the  disturbance  can  be  determined  uniquely  by  knowing  the  exact  time 
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FIG.  7.  FREQUENCY  RECORDINGS  FOR  IRE  TRAVELING  ICKCOSPHERIC  DISTURRANCC  OF  13  APRIL  ltd- 


lhai  llli  ini9rce|tis  each  of  the  four  different  paths  lly  employing  a 
map  such  as  shown  in  Fig.  8«  the  prohlem  of  spherical  geometry  is  sim¬ 
plified  into  a  prohlem  of  plane  geometry.  Of  the  nine  detectable  travel¬ 
ing  ionospheric  disiurhances.  five  (Nos  I.  4.  S.  8.  and  9)  are  observed 
to  intercept  all  four  paths.  The  refe*  time  on  each  path  is  measured 
to  the  nearest  minute,  and  the  respective  paths  of  travel  can  he  inves¬ 
tigated  However,  only  one  (Xo.  4)  of  the  five  disturbances  produced  a 
consistent  result.  Other  disturbances  either  described  a  path  of  travel 
not  intercepting  all  the  transmission  paths  or  requi red  aspeed  much  great¬ 
er  than  the  speed  of  sound  in  the  F2  layer.  Ihe  path  for  Til)  Xo.  5  is 
shown  in  Fig.  8.  end  the  direction  is  208  ®FI  of  X.  According  to  this 
path,  the  speed  of  the  ionospheric  disturbance,  covering  I37S  km  is  about 
30  mm.  is  approximately  2750  km/hr  (compared  with  the  speed  of  2400  km/hr 
previously  estimated  in  Section  III  11) 

0  COMVIf])ilS  OX  IIIK  UIIIKCTIOX  OF  IRAVKI.  \\|)  COXST^hXCY  OF  SPKF3) 

Valverde  [lief.  |7]  observed  that  the  speed  of  large-scale  TID's  was 
constant,  hut  that  the  direction  of  travel  usually  varied  (on  the  order 
of  10  deg)  during  the  interval  of  about  1/2  hr.  Thomas  (lief.  12)  sug¬ 
gested  that  disturbances  at  latitudes  near  the  zone  of  maximum  auroral 
and  magnetic  activity  might  have  a  higher  velocity  than  those  at  lower 
latitudes.  Our  results  appear  to  support  the  belief  that  large-scale 
HD's  do  change  both  speed  and  direction  during  the  course  of  travel, 
because: 

1.  we  cannot  locate  physically  possible  routes  for  the  disturbances  by 
assuming  a  constant  speed  and  a  constant  direction,  and 

2.  most  disturbances  require  much  more  time  to  travel  between  the  two 
southern  paths  than  between  the  two  northern  paths. 

It  should  bo  noted  also  that  the  accuracy  of  the  titne-o  f-crossi  ng 
measurement  docs  not  allow  direction  of  travel  to  be  determined  within 
an  accuracy  of  10  deg,  even  when  the  disturbances  do  travel  with  a  con¬ 
stant  speed  and  a  constant  direction.  However,  it  is  certainly  possible 
to  know  that  the  general  direction  of  travel  is  from  north  to  south,  and 
that  changes  in  velocity  and/or  direction  do  occur. 

E.  HELATIONSIIIP  BETWEEN  LARGE-SCALE  TID's  AND  SUDDEN  COMMENCEMENTS  OF 

GEOMAGNETIC  STORMS 

Because  out  of  nine  traveling  ionospheric  disturbances  detected  by 
this  technique,  three  (Nos.  2,  4,  and  8)  were  preceded  by  sudden 
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rciM«iene(wienl»  of  naji;nolir  «toriiiiii  anti  ono  (No.  3)  was  proeotioti  by  a 
SHtiilon  iwpulso  foiintl  in  ibe  Stanfard  ma|;nolo|$ran,  an  i nvosii gallon  was 
isadn  lo  sen  if  TIH's  generally  follow  sudden  coimentenienls  of  magnetic 
storms.  Ihiring  the  period  from  October  I9S0  lo  April  1961,  22  sudden 
rowmencemenls  were  reported  (lief  22)  by  magnetic  observatories  in  north* 
ern  America.  Ihe  fref|uency  recordings  of  the  four  stabi  e*  fref|uency 
transmission  paths  were  carefully  re-e«amined  for  a  period  of  about  6  hr 
after  these  sudden  commencements.  At  the  time  of  onset  of  each  sudden 
coBimencement ,  simultaneous,  abrupt  fluctuations  are  always  observed  on 
the  frequency  recordings  of  all  available  paths  liuring  the  relatively 
calm  period  after  the  sudden  commencements,  and  before  the  onset  of  the 
comparatively  strong  geomagnetic  activity  that  usually  appears  several 
hours  after  the  sudden  commencements,  the  frequency  fluctuations  of  all 
available  paths  are  usually  well  correlated  for  a  period  of  time  varying 
between  1/2  lo  3  or  4  hr  Then,  on  many  occasions,  the  frequency  flue 
tuattons  on  all  available  paths  began  to  differ  in  a  way  that  suggests 
the  presence  of  llll*s.  In  many  instances,  specific  disturbances  can  be 
picked  out  The  results  are  tabulated  lo  Table  2,  which  can  be  sum¬ 
marized  as  follows: 

I.  T*eniy-two  sudden  commencements  (a  to  u)  were  reported  during  the 
period  from  October  I960  to  April  1961 

2  The  frequency  recordings  on  II  cases  (d.  f,  g,  I.  o.  n.  o.  q,  r, 
s.  and  m)  provide  no  information,  because  either  the  equipment  was 
not  fiinctionioni ng  properly,  or,  for  a  large  number  of  cases,  the 
propagation  conditions  were  poor  os  a  result  of  low  Ml'K  or  already 
strong  geomagnetic  disturbance. 

3.  So  Til)  is  observed  after  three  sudden  comacncement s  (c,  f,  and  k). 

For  c  and  f.  severe  geomagnetic  disturbances  set  in  about  4  hr  after 
the  sudden  commencements  and  no  Til)  is  observed  during  the  4-hr 
period.  For  k,  a  Til)  is  not  observed  for  about  6  hr  after  the 
sudden  commencement  on  two  nvailahlc  poihs  only;  the  other  two  paths 
were  not  operating. 

4.  TIU's  arc  strongly  suggested  on  frequency  recordings  after  four 
sudden  commencements  (a,  b,  h,  and  t).  Multiple  modes  wi  ib  the  fre¬ 
quency  of  the  disturbed  mode  varying  quasi  -  si nusoidal I y  arc  found 

on  the  frequency  recordings  on  more  than  one  of  the  available  paths. 

5.  Til)' s  arc  positively  recognized  after  four  sudden  commencements 
(c,  i,  p,  and  r).  TID’s  in  i,  p,  and  r,  of  Toblc  2  ore  the  some 
os  TID  Nos.  2,  5,  ond  8  respectively  reported  in  Table  1.  The  TID 
observed  in  e  of  Table  2  is  not  included  in  Table  1  because  only 
two  poths  were  functioning  properly  at  that  time. 
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In  $liQrl.,  of  ihe  II  ftidtlon  conMoncomonlc  havini;  unoful  fretiuoney 
rocortlinps,  TI0*s  are  noi  found  after  ibree  sudden  conaiieneemienis,  are 

p©s»il»le  afier  four  sudden  eom«enceinents,  and  are  definitely  present 
after  the  other  four  sudden  eoemencenients. 
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IV 


Miinro  (llpfs  2,3)  eonitiJereil  that  travel int;  tli Kiurhance^  in  the 
ione$phere  are  associated  with  di slurhances  in  the  aiiRos|there  in  the  form 
of  travel  inf:  pressure  waves  that  cause  a  redistribution  of  ioniiation. 
Martvn  (lief  23l  developed  a  theory  of  horizontally  traveling  cellular 
atmospheric  waves  and  later  (lief.  2d)  suggested  that  perturbation  of  F- 
region  ionization  might  he  the  result  of  turbulence  in  lower  regions. 
Itegardless  of  how  a  Till  originates,  we  may  assume  that  such  a  disturbance 
is  a  traveling  atmospheric  wave  of  ellifisoidal  shape  in  the  K  region 
which  causes  a  redistribution  of  ionization  as  it  travels  along. 

Figure  9(a)  is  a  representation  of  a  typical  ionospheric  disturbance 
traveling  from  north  to  south  and  affecting  the  one-hop  mode  of  a  signal 
traversing  the  llV-20-to-SU  path  Contours  showing  the  heights  of  assumed 
concentric  elliptical  troughs  of  a  constant  electron  density  which  re¬ 
flect  the  signal  of  interest  are  shown  in  Fig.  9(b).  As  the  disturbed 
region  travels  wuh  velocity  v,  the  signal  is  reflected  along  A*\*. 

The  profile  of  A(\  is  plotted  in  Fig  9(c).  If,  for  simplicity,  only  the 
geometrical  raypath  is  investigated,  the  doppler  shifts  as  the  signal  is 
reflected  along  >VA'  are 

-f/f  •  (2j[i/c)  cos  0, 

where  C  •  angle  of  incidence  in  deg. 

f  •  transmitted  frequency  in  cps, 

.^f  *  doppler  shift  in  cps, 
c  •  velocity  of  transmission  in  m/scc,  nnd 
fi  ■  downward  vertical  velocity  in  m/scc  »  -dli/dt 

Since  dx  ■  v  dl, 

Af/f  ■  (2v/c)  cos  0  (-dli/dx). 

If  V  is  nssiiRicd  constant  nnd  0  varies  only  slightly  during  the  period 
of  interest,  then  Z^f  varies  os  (-dh/dx),  a  quos  i  -  si  niisoi  dal  curve  as 
shown  in  Fig  9(d),  depending  on  the  slope  of  the  constant  ion  density  of 
the  disturbance.  If  the  TID  intercepts  a  transmission  path  differently, 
so  that  the  signal  is  reflected  along  BU'  or  CC'  instead  of  along  AA', 
then  the  amplitude  and  period  of  frequency  fluctuations  will  be  varied, 
but  the  general  quasi  -  si nusoi dal  form  of  the  frequency  fluctuations  will 
remain  unchanged.  If  the  one-hop  and  two-hop  modes  propagate  at  the  same 
time  with  approximately  equal  strength,  and  if  the  wavefrontof  the  TID 
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HG.  9.  POINT-REFLECTOH  MODEL  OF  A  TRAVELING  IONOSPHERIC  DISTURBANCE. 
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nol  wiJp  to  aff^ri  tooUp  sii  illu^I.ratpU  in  Hr  9(a), 

ihpn  tlip  frpqurnrf  rprnr4in|;$>  nill  aKnw  nul i i pi p  in««lr.«i  with  ihp  frptiupncy 
«f  enp  bi«4p  l*p!n);  rnnjttanl  am4  lhal  of  ibp  oi  l»pr  ItPing  t|uasii  •  si nu$!oi4al  ly 
4isturl*p4<.  If  piikpr  ikp  iwo^kop  n4i4p  is  WMrk  npakpr  ikan  iKp  onp»kop 
iro4p,  or  ikp  wnvpfronl  of  ikp  iravplin^  ionosphonr  4i  slurkancp  is  wi4p 
pnoii|;k  10  affpri  all  iKp  n>o4ps  simml laopousl v.  ihpo  iKe  rPcor4ini;s  «ill 
skoa  prp4owi nani I a  sinielp  frp«|upnef  lhal  is  t|uasi  >si niiSQi4al  l:{f  4islurl*p4. 

TravpIiniK  iooospHprir  4i siurkancps  tVos,  2,  3.  4.  S,  6,  8.  an4  9  in 
laUlp  I  4o  pskikil  iKp  fraiorps  4psrrikp4  akovp,  ahirh  arp  I)asp4  on  thp 
assonpiion  of  a  iravpiini;  p|lipsoi4al  trou|;h  of  plpciron  4pnsilv.  This 
fan  sii|?jspsis  ikal  in;osi  of  ikr  Till's  4ptPriali|p  ky  ikis  |prlinit|up  am  in 
fact  of  ikp  i>pp  shown  m  ln{  $  If  i  hp  Till  is  in  ikp  form  of  a  lillp4 
sirp  of  ronsianl  pI  ppi  ron-4pnsi  iv  Iltpf  2S)  (i  p.  ,  ihp  lipijjla  of  ihp  rp> 
flpciion  point  incrrasrs  nonotonical  ly  4urini;  iI»p  pprio4  of  4isiurltancp) , 
llipn  V’shapp4  frp«|upnfy  fliirtual  ions  will  I»p  rpsulip4.  as  nQiicp4  in  4i  s- 
lurkanrps  Nos  I  an4  7 

In  llip  soniliprn  htmispherp  4urin|;  winipr  nonlhs.  thp  4irpcLion  of 
travel  is  rpporie4  to  be  30**  1;  of  N  by  Vlunro  (lief  4),  from  south  to  north 
by  lleisler  (lief.  8l.  an4  from  300®  to  90®  I;  of  X  by  Price  (Hef  Sl  In 
the  norlbern  hemisphere  4urini^  winter  nionlhs  the  4irecLian  of  travel  is 
reporte4  to  be  within  J2S®  from  |:eoma$;neii c  north  to  south  by  Valvcr4e 
(lief  13),  from  north  to  south  by  lleisler  (lief  8).  from  east  to  west  by 
Iteynon  (lief.  7),  toward  the  southeast  by  Toman  (lief  6],  and  from  ISO®  to 
180®  K  of  X  by  *Ihomas  (lief.  9).  It  should  he  noli  red.  however,  that 
llcynon's  results  were  based  on  only  two  points  situated  in  the  cast-west 
(lircciion,  and  the  Til)  observed  hy  Toman  could  he  due  to  irregularities 
in  the  K- region  Therefore,  most  authors  are  in  general  ngrccncni  re¬ 
garding  the  direction  of  travel  for  iono.spheric  disturbances  in  the  Fo 
region  during  winter  months  This  direction  is  generally  from  geomagnetic 
north  to  south  in  the  northern  hemisphere,  and  from  geomagnetic  south 
to  north  in  the  southern  hemisphere. 

Of  the  nine  traveling  ionospheric  disturbances  reported  here  and  found 
by  means  of  mill  tip  I  e- station  siahl  c- frequency  transmissions,  the  periods 
arc  from  30  to  90  min,  the  velocities  are  from  1450  to  greater  than  2400 
km/hr,  and  the  spatial  lengths  arc  from  1300  km  to  greater  than  2400  km. 

The  wavefronts  of  disturbances  cannot  be  determined  accurately,  but  some 
of  them  can  be  estimated  to  be  greater  than  2000  km  in  width 
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f«r  (lief,  17).  ,11  prefi,,,  r..sp,rrher^  o«  ihi, 

jaci  o!ist»rvr«l  llU’s  in  tli«  K  repion  ro»p,r,ti  vnly  frenuenily.  Ihe  average 
vHnniips  of  ibp  Ji  jslMrl.anco*  raniseJ  froM  3S0  lo  600  kw/hr.  an«l  iho 
**|*nu«l  «oro  noi  Rroaior  than  a  fe.  knnJroJ  k«.  The  difference  in 

o6s*er»ed  »rloriiie3*  m»^  be  due  to  the  aaaller  sire  of  these  di siorhances, 
»«d  to  the  fact  that  these  resnlis  refer  to  measnreoenis  at  different  tines 
of  the  day  or  seasons  of  the  year,  at  different  geojcraphi cal  locations, 
or  at  different  hei,;hls  in  the  F  layer,  since  different  frennencies  have 
been  «sed  lho»«as  [lief.  9)  pointed  out  that  the  difference  in  hei|;ht  «as 
prehahly  the  nost  significant  factor  in  the  discrepancy  of  velocities, 
since  he  observed  a  hei|;hi  |:radient  of  velocity  (average  about  3  6  kn/hr 
per  kn  inrreasin,:  sith  heipht)  in  the  F  reicion.  Ilosever,  the  average 
selaciiy  referred  to  at  the  foF2  level  (as  observed  by  ll.o«,as)  sas  about 

650  kei/hr.  iwuch  smaller  than  the  average  velocity  of  the  disturbances 
reported  here. 


Probably  the  reason  that  traveling  ionospheric  disturbances  of  speeds 
greater  than  1200  kn/hr  in  the  F2  layer  in  non-auroral  regions  «ere  not 
observed  by  all  previous  sorkers  except  Valverde  and  Tveten  is  because  of 
the  time  resolution  in  records  obtained  from  closely  spaced  netsorks.  On 
the  other  hand.  Till's  of  lo«  speed  are  not  observed  in  our  esperincni 
because  of  side  separations  of  the  transni ssion  paths.  A  Til)  with  a  speed 
of  less  than  1200  kn/hr  will  take  isorc  than  I  hr  to  travel  froa  the  northern 
cost  to  the  soulhcrnsost  path.  It  probably  will  lose  cost  of  the  recog 
nirable  character i sti cs  on  frequency  recordings  during  the  tioc  interval 
required  for  the  passage. 

I.arge  scale  traveling  disturbances  of  high  speed  appear  to  be  nuch 
rarer  phenonena  than  those  of  snaller  sire  and  lower  speed.  Only  nine  are 
positively  rccogniicd  here  in  a  period  of  seven  months,  15  (with  speeds 
of  >  1200  km/hr)  by  Valverde  [lief  |7]  in  a  period  of  three  months  and 
eight  by  Tveten  [lief,  is]  in  a  period  of  one  month.  Valverde  also  re¬ 
ported  that  on  several  occasions,  when  large-scale  Till’s  were  observed  on 
backscattcr  records  at  17.3  Me,  the  transmissions  of  IVWV  15  and  20  Me  from 
ttoshington,  I).  C,  to  Stanford  University  were  disrupted  for  periods  of 
the  order  of  15  min  to  several  hours.  Such  signal  fnilure  would  prevent 
data  from  being  taken  by  the  technique  of  this  report. 

ileynon  [Ref.  26],  and  Thomas  [Ref.  9]  found  that  the  velocity  of 
disturbances  is  independent  of  the  K  index  for  K  <  2.5,  but  increases  with 
the  increase  of  magnetic  activity  for  K  >  2.5.  Of  the  nine  large-scale 
disturbances  reported  here,  the  planetary  Kp  index  ranges  from  2.67  to 
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S  33.  will*  orcwrrrne#  at  Kj,  *  *1  Thf  liniit(»d  nunil*«r  of  tif«i^<rial*lo 

larjsp*i8cale  Till'*  doe*  not  provide  enoui;h  iofoimation  to  confim  or  ronira> 
diet  the  rorrelation  lieiween  ifce  velorilv  »«»!  il***  rntw^nelic  activity  |f 
the  velocity  of  larite'scale  travelinj;  di*turl*ance*  does  correlate  with 
majRoetic  Kj,  indev.  then  Kp  »  -I  he  inieq*reted  as  the  optiinuaii  condition 
for  detection  of  larite^scale  traveling  distnrhances  hy  weans  of  simultaneous 
frennency  recordini;*  on  {teoitraphical  I  y  separated  multiple  paths  Ihis 
condition  occur*  because  this  experimental  setup  is  insensitive  to  low- 
speed  disturbances,  correlated  with  lower  index,  while  the  rapid  fre¬ 
quency  fluctuations  due  to  hi|;h  magnetic  activity,  correlated  with  hifh 
Kj,  index,  may  be  so  intense  and  confusing  that  the  effect  of  individual 
t ravel  in|t  disturbances  on  the  frequency  recordini^s  cannot  be  reca|;nited 
The  sudden  chani;es  of  the  earth's  magnetic  field  that  preceded  TliJ's  Xos 
2.  d.  S  and  8  are  very  interestini?  Although  the  study  summarized  in 
lable  2  cannot  provide  conclusive  confirmation  the  results  seem  to  sug- 
jsesi  slron|;ly  that  sudden  commencements  of  jceomayneiic  storms  and  lar|;e- 
scale  Hit's  are  related  If  they  are  truly  related,  the  obvious  questions 
are  how  they  are  related  and  why  some  of  the  lilt's  reported  in  lahle  I  are 
not  preceded  by  sudden  commencement*  of  geomafineti c  storms.  It  is  also 
interestini;  to  note  that  Ihomas  (lief.  I2)  reported  that  in  some  cases  quite 
small  perturbations  in  the  maitnelopram  traces  coincided  with  enhanced 
velocities  of  traveling  disturbances 

Future  research  on  this  subject  should  he  conducted  with  the  nid  of 
one  or  core  magnetometers  sensitive  to  small  and  sudden  changes  of  the 
earth’s  magnetic  field  Various  charaetcrist i cs  of  HD's  should  he  cos- 
pared  not  only  to  how  much  the  earth's  magnetic  field  has  changed  hut. 
probably  more  important,  to  how  rapidly  the  earth's  magnetic  field  has 
changed.  The  fact  that  sudden  comnencements  of  geomagnetic  storms  precede 
some  HD's  suggests  that,  if  they  arc  truly  correlated,  the  traveling 
ionospheric  disturhances  may  be  caused  hy  the  same  mechanism  that  causes 
the  magnetic  variations.  A  detailed  study  along  this  line  will  probably 
lead  to  the  understanding  of  energy  sources  of  traveling  ionospheric  waves 
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V.  co?iajjsioxs 


Trav(>liii|K  ioiio«|tl«pric  tli  ^lurbaneeii  been  tleieeieil  by  means  ef 
ibeir  efferi  on  ibe  simnl taneons  fretitiency  recordings  of  four  stable- 
frenneeey  i  ransmiissions.  Ilecanse  of  tbe  wide  separation  ef  ibe  long¬ 
distance  transmission  paths,  tbe  esperiment  is  sensitive  only  to  large- 
scale.  bigb-speed  llll's  These  disturbances  would  probably  not  be  detect¬ 
ed  on  recordings  made  with  tbe  comparatively  close- spaced  networks  used 
by  manv  researchers  in  tbe  past.  From  1600  hours  of  data  (usually  from 
1600  to  0200  lUi  between  October  I960  and  April  1961.  nine  Till's  have  been 
positively  recognized.  Kitb  tbe  assumption  that  ionospheric  disturbances 
travel  wiib  constant  speed  in  a  great-circle  path,  it  is  possible  to  es- 
iimate  speeds  and  spatial  lengths  in  sis  instances.  Velocities  range  from 
1450  to  approximately  2700  km/br,  and  spatial  lengths  from  1300  to  greater 
than  2000  km.  Ibe  direction  of  travel  cannot  be  determined  accurately, 
but.  in  each  case,  the  general  direction  is  from  north  to  south.  Tbe  re¬ 
sults  also  suggest  that  some  of  tbe  Till's  change  their  velocity  and/or 
direction  of  travel  during  the  passage  through  the  four  stable- frequency 
paths.  In  four  cases,  sudden  frequency  changes- -  three  correlated  with 
sudden  commencements  of  geomagnetic  storms  and  one  correlated  with  a 
sudden  impulse  found  in  a  magnetogram  taken  at  Stanford- ■ preceded  the 
occurrence  of  large-scale  Till's  During  the  same  period  from  October  I960 
to  April  1961.  of  the  II  sudden  coamcnccmenis  when  the  frequency  recordings 
are  useful  for  investigation,  traveling  ionospheric  disturbances  are  found 
to  be  absent  after  three  sudden  coomencements.  highly  possible  after  four 
sudden  commencements,  and  definitely  present  after  four  sudden  commence* 
Bents.  Although  the  information  so  far  obtained  is  inconclusive,  it  is 
suggested  that  these  large-scale  TID's  might  have  been  launched  by  the  same 
event  giving  rise  to  the  sudden  change  of  earth’s  magnetic  field. 
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